Identifying the pathophysiology of posttraumatic stress disorder (PTSD) is a critical step toward reducing its debilitating impact. Spontaneous neural activity, measured at rest using various neuroimaging techniques (e.g., regional homogeneity 
PTSD, consolidation of trauma-related memories and preparation for trauma-related avoidance behaviors may manifest as a perturbation of resting neural activity. In the present study, we sought to identify brain areas exhibiting abnormal resting-state activity in PTSD cases using: (1) coordinate-based meta-analyses of the neuroimaging literature, and (2) a validation of the meta-analysis results using dimensional indices of PTSD symptom severity in a large, independent sample of U.S. military veterans exposed to combat. These analyses have the potential to uncover regional neurobiological correlates of PTSD symptoms as well as isolate novel therapeutic targets to improve PTSD treatment outcomes.
Spontaneous neural activity, defined as focal rates of neural activity in the absence of external stimuli, is a particularly useful index of neurobiological functioning due to its theorized role moderating sensory-, cognitive-, or motor-driven neural responses (Mantini, Perrucci, Del Gratta, Romani, & Corbetta, 2007) . A variety of analytic techniques have been used to measure spontaneous neural activity, stemming from data collected using imaging methods such as functional magnetic resonance imaging (fMRI), positron emission tomography (PET), and single-photon emission computed tomography (SPECT) (for methodological review, see (Francati, Vermetten, & Bremner, 2007) . For fMRI, focal connectivity is one analytic technique designed to characterize the cohesiveness of resting activity in neighboring brain regions. Examples include indices such as regional homogeneity (ReHo; Zang, Jiang, Lu, He, & Tian, 2004) and short-range functional connectivity density (FCD; Tomasi & Volkow, 2010) . Another fMRI analytic technique is intrinsic signal variability, which quantifies the magnitude of resting activity in a given brain region using the low-frequency amplitude fluctuations of fMRI BOLD activity (ALFF; Biswal, Zerrin Yetkin, Haughton, & Hyde, 1995) . For PET and SPECT, regional cerebral blood flow (rCBF) at rest can be used as a technique to quantify average spontaneous neural activity (Jueptner & Weiller, 1995) , while PET can also quantify spontaneous neural activity using regional cerebral metabolic rate for glucose (rCMRglu; Newberg, Alavi, & Reivich, 2002) .
Previous research has shown a wide range of brain areas where spontaneous neural activity differs between PTSD cases and controls, including the amygdala, insula, anterior cingulate cortex, dorsolateral prefrontal cortex, and inferior parietal lobule (Yan et al., 2013; Yin et al., 2012) . Meta-analysis is a powerful tool that can help resolve inconsistencies in published results. Though the previously-described techniques used to measure spontaneous neural activity differ considerably, they have been shown to yield consistent outcomes (Aiello et al., 2015; Li, Zhu, Childress, Detre, & Wang, 2012; Yuan et al., 2013) , suggesting that meta-analyzing results across such techniques is likely justifiable and may enhance power to detect PTSD-relevant patterns of activity (e.g., Hayes, Hayes, & Mikedis, 2012; Patel, Spreng, Shin, & Girard, 2012; Ramage et al., 2012; Wang et al., 2016) . Thus, we adopted a similar approach in the present meta-analytic review of the resting-state PTSD neuroimaging literature.
Currently, there is variability amongst the results from published meta-analyses of spontaneous brain activity in PTSD (Koch et al., 2016; Wang et al., 2016) . In addition, there are limitations to the utility of PTSD case vs. control comparisons since they do not address the dimensional structure of PTSD symptomatology. Considering that case-control analyses generally exclude individuals with sub-threshold PTSD, which has been linked to significantly greater functional impairment compared to controls (Cukor, Wyka, Jayasinghe, & Difede, 2010) , it is necessary to use both categorical and dimensional operationalizations of PTSD to more fully understand the neural impact of this devastating disorder. The current study addressed variable findings by including more recent additions to the resting-state imaging literature, which resulted in 47% more included studies and 57% more included participants compared to previously published PTSD resting-state meta-analyses (Koch et al., 2016; Wang et al., 2016) . Critically, the current study also sought to validate meta-analysis findings, which stem from case-control comparisons, by determining whether differences in spontaneous neural activity are associated with dimensional measures of PTSD symptom severity, as observed in an independent sample of US military veterans following combat deployment. By validating metaanalysis-identified regions of interest (ROIs) in an independent sample, we corroborate the involvement of select ROIs in PTSD symptomatology, and further explore the association between spontaneous neural activity and PTSD symptom severity.
| RE S TI N G-S TA TE M ET A-A N AL YSI S

| Materials and methods
| Literature search and study selection
Studies with potential for inclusion in the meta-analysis were identified using a systematic literature search across the Pubmed, PsycINFO, and SCOPUS online databases. Multiple searches were conducted using combinations of two or more keywords, with at least one diagnostic descriptor ("PTSD" or "posttraumatic stress disorder") and one or more methodological descriptor ("resting", "resting-state", "resting-state MRI", "resting-state fMRI", "resting-state PET", "resting-state SPECT", "resting-state ASL", "ReHo", "ALFF", "rCBF", "rCMRglu"). Reference sections from selected articles (particularly review articles) were also examined to identify additional studies. The list of included studies was finalized in December 2016.
Criteria were used to identify eligible studies consistent with ALE meta-analyses of resting-state data in other populations (Eickhoff et al., 2009 ). Studies recruited adults (age 18) and used fMRI or other imaging modalities with similar temporal sampling, including PET, SPECT, or arterial spin labelling (ASL). Studies must have had a dedicated resting period defined as having no task or stimuli present (with the exception of a fixation object) that was not preceded by any form of mood induction or experimental manipulation. Studies must have reported wholebrain, data-driven analyses without a priori regional selection or seedbased analysis. Examples of such analyses include ReHo, ALFF, rCBF, and rCMRglu. For treatment outcome studies, only resting-state comparisons at baseline were included. Eligible studies must have directly compared PTSD cases to a non-PTSD control group, with clear description of whether the control group was exposed to comparable traumas (e.g., combat, natural disaster). Only studies with at least 10 individuals per group were included. Finally, group differences must have been reported using the coordinates at the center of significant clusters in standardized space (i.e., Montreal Neurological Institute [MNI] or Talairach).
A total of 219 articles were identified through the literature search, and each publication was screened by study staff (SD and CAM) to determine suitability for meta-analysis (see Figure 1 ). Of the 219 articles, 23 manuscripts met all of the above criteria, though 1 was ultimately dropped due to a lack of significant foci. Of the 22 manuscripts selected for inclusion, 18 were published in English and 4 were published in Chinese and translated into English (see Table 1 ).
Importantly, neural activity abnormalities in patients with PTSD compared to controls can appear dramatically different depending on whether individuals without trauma exposure (non-traumatized controls; NTCs) or individuals with trauma exposure who did not develop PTSD (trauma-exposed controls; TECs) are employed as experimental controls (Patel et al., 2012; Wang et al., 2016) . This disparity, corroborated by neural differences when comparing NTCs to TECs (e.g., Bonne et al., 2003; Song et al., 2014) , may reflect protective physiological mechanisms aimed at preventing the acute neural abnormalities characteristic of PTSD. To account for such heterogeneity, included studies were grouped based on the type of control that was used. Of the 22 studies included in the meta-analysis, nine studies compared PTSD cases only to TECs, 10 compared PTSD cases only to NTCs, and 3 compared PTSD cases separately to both TECs and NTCs. Across all studies, there were 457 PTSD cases, 292 TECs, and 293 NTCs.
| Activation likelihood estimation (ALE)
Coordinate-based meta-analysis was conducted with the widely-used ALE technique (Eickhoff et al., 2009; Turkeltaub, Eden, Jones, & Zeffiro, 2002) , implemented using version 2.3.6 of the GingerALE software (brainmap.org/ale). ALE meta-analysis incorporates significant findings from multiple studies by fitting a Gaussian probability distribution to each focus for identification of cluster convergence (with full-width half maximum [FWHM] threshold for each distribution set based on its sample size). Significant foci were extracted from the selected studies and converted to MNI space, as needed, using the tal2mni algorithm embedded in GingerALE (Brett, Christoff, Cusack, & Lancaster, 2001 ).
Foci were constructed based on three comparisons: PTSD vs. all controls, PTSD vs. NTC, and PTSD vs. TEC. Within each comparison, foci were mapped together based on direction of activation differences (PTSD greater than Control, PTSD less than Control). At this time, there are insufficient studies in the literature to power additional comparisons of interest (e.g., male cases vs. female cases, acute PTSD vs. chronic PTSD, comparing different types of trauma). Cluster-level family-wise error (FWE) correction was implemented with a cluster-extent threshold of 0.05 and a cluster-forming threshold of 0.001, based on a recently published empirical simulation that identified these parameters as most appropriate for ALE inference (Eickhoff, Nichols, Laird, & Hoffstaedter, 2016) . GingerALE version 2.3.6 corrects an algorithm error which had resulted in an underestimation of cluster-level FWE correction in previous versions (BrainMap Development Team, 2016) . This underestimation may have resulted in possible Type I errors in previously reported ALE findings based on older iterations of the software.
| ALE results
Parameters of all significant ALE-identified ROIs are presented in Table 2 . . ALE meta-analysis identified one cluster with significantly decreased activity in PTSD cases (Figure 2 ) centered in the left lateral globus pallidus and spanning multiple limbic areas, including the amygdala and putamen. 
| PTSD vs. Non-traumatized controls (NTC)
For the analysis of greater activation in PTSD cases than NTCs, 51 foci were included across 11 experiments, requiring a FWE minimum cluster size of 632 mm The racial distribution across the entire sample was as follows: 82%
Caucasian, 4% Asian American, 2% African American, 2% Native American, 2% Hispanic/Latino, 8% Mixed Race/Other. There were no significant demographic differences between the two studies (all p > 0.05).
All study procedures were in compliance with the Code of Ethics of the World Medical Association, and were approved by the institutional review boards at MVAHCS and the University of Minnesota.
| Measures
Clinician Administered PTSD Scale for DSM-IV (CAPS)-Fourth Edition
The CAPS is a 30-item, clinician-administered measure designed to assess symptoms based on the DSM-IV diagnostic criteria for PTSD (American Psychiatric Association, 2000; Blake et al., 1995) . After identifying the traumatic event most contributing to current symptoms, participants were asked to assess the frequency and intensity of 17 items corresponding to DSM-IV PTSD criteria B-D. All items were scored on a 5-points scale (0-4) for frequency and intensity, with the sum of the two scores serving as the severity for each symptom. The primary outcome for subsequent analyses was the cumulative total of the 17 symptom severity items. Based on the four-factor model outlined by
Simms and colleagues (Simms, Watson, & Doebbelling, 2002; Yufik & Simms, 2010) , secondary analyses examined associations between spontaneous neural activity and specific symptom groupings: reexperiencing symptoms (CAPS items B1-B5), avoidance symptoms (C1-C2), dysphoria symptoms (C3-D3), and hyperarousal symptoms (D4-D5).
| Image acquisition
All MRI scans were conducted at the Center for Magnetic Resonance
Research at the University of Minnesota. Study 1 data were acquired on a Siemens Trio 3T scanner (Siemens, Erlangen, Germany) using a 12-channel receive-only phased array head RF head coil. Anatomical scans with 1 mm isotropic resolution (240 coronal slices) were obtained using a T1-weighted MPRAGE sequence (TR 5 2,530 ms, TE 5 3.65 ms, TI 5 11,000 ms, flip angle 5 78). Resting-state BOLD data with a 3.4 3 3.4 3 4.0 mm voxel resolution was acquired with eyes closed using a gradient echo EPI sequence with 34 axial slices (TR 5 2,000 ms, TE 5 30 ms, flip angle 5 908). A total of 180 volumes were acquired in a scan time of 6 minutes. Field maps were acquired to correct for distortion due to inhomogeneity in the B 0 field using FSL's FUGUE (Jenkinson, 2002).
For study 2, MRI data were acquired on a Siemens Tim Trio 3T scanner (Siemens, Erlangen, Germany) using a 32-channel receive-only phased array head RF coil. Anatomical scans with 1 mm isotropic resolution (224 sagittal slices) were obtained using a T1-weighted MPRAGE sequence (TR 5 2,530 ms, TE 5 3.65 ms, TI 5 1,100 ms, flip angle 5 78).
Resting-state BOLD data (2 mm isotropic voxel resolution was acquired with eyes closed using a multi-band (MB) enabled gradient echo EPI sequence with 64 oblique axial slices (TR 5 1,320, TE 5 30, flip angle 5 908, MB5 4). Two-hundred seventy volumes were acquired, for a resting-state scan duration of 6 minutes. A ten-volume gradient echo EPI scan with identical parameters to the resting-state scan except for a reversed phase encode direction was acquired to correct for distortion due to inhomogeneity in the B 0 field using FSL's topup (Andersson, Skare, & Ashburner, 2003) .
| Data preprocessing
All resting-state fMRI processing was conducted separately for study 1 and study 2 using RESTplus (version 1.2; Song et al., 2011)) and SPM8
(www.fil.ion.ucl.ac.uk/spm/) packages for MATLAB (release 2013b; The Mathworks Inc., Natick, MA). Preprocessing steps are consistent with recommendations by Zuo and colleagues intended to maximize reliability of functional homogeneity analyses (Zuo et al., 2013) . For functional scans intended to calculate ReHo, the preprocessing steps were as follows. The first ten time points were discarded for all participants. Functional images were motion corrected using the RESTplus realignment function, co-registered to structural images, and normalized to standard space using the DARTEL toolbox (Ashburner, 2007) . Functional data was then linearly detrended to account for general signal drift. Signals from nuisance covariates were removed via regression (six head motion parameters, white matter, and cerebrospinal fluid), and data was bandpass filtered (0.01-0.08 Hz) to reduce low-and high-frequency noise.
For functional scans intended to calculate ALFF, the data underwent the same preprocessing steps with additional smoothing using an isotropic 6-mm FWHM Gaussian kernel.
| Regional homogeneity (ReHo)
ReHo was measured using Kendall's coefficient of concordance (KCC; Zang et al., 2004) . KCC measures the similarity of the time series for each voxel with each of its 26 contiguous voxels (i.e., the relationship between the middle voxel in a 3 3 3 3 3 cube with all of the outer voxels). Individual ReHo maps were then smoothed using an isotropic 6-mm FWHM Gaussian kernel. Mean ReHo values were then extracted from the ALE-identified regions of interest (ROIs) for use in subsequent validation analyses, along with whole-brain mean ReHo for use as a covariate.
| Amplitude of low frequency fluctuation (ALFF)
Whereas ReHo measures connectivity between a given voxel and its neighbors in the time domain, ALFF measures signal variability of a single voxel in the frequency domain. Each participant's power spectrum was derived using fast Fourier transform to convert time series data into the frequency domain. ALFF is computed using the square-root of power spectrum values and averaging the square rooted values across 0.01-0.08 Hz for each voxel (Zang et al., 2007) . As with ReHo, mean ALFF values were extracted from ALE-identified ROIs, along with whole-brain mean ALFF.
| Statistical analysis
For the primary analyses, multivariate multiple regression was applied to determine if spontaneous neural activity in ALE-identified ROIs (measured in separate models using ReHo and ALFF) was associated with PTSD symptom severity in the independent validation sample.
Mean ReHo or ALFF values within each of five ALE-identified ROIs served as dependent variables, and total PTSD symptom severity (measured using the CAPS) was the primary predictor. To control for differences attributable to sample groups, a categorical variable coding for each participant's study membership was included as a covariate in all models. Additionally, a continuous variable measuring mean wholebrain ReHo or ALFF for each participant was included as a covariate to control for whole-brain differences in spontaneous neural activity that may otherwise confound ROI-specific analyses. To account for multiple comparisons across two models (ReHo and ALFF) and five ROIs per model, False Discovery Rate (FDR) corrected significance thresholds were calculated using q 5 0.05 (Benjamini & Hochberg, 1995) . A separate secondary analysis replaced the total PTSD symptom severity predictor with four PTSD symptom groupings (re-experiencing, avoidance, dysphoria, and hyperarousal).
| Validation Results
The left IPL (previously identified using ALE when comparing PTSD cases to TECs) was the only cluster to show an association between spontaneous neural activity and PTSD total symptom severity while 
| D ISC USSION
The present study represents the largest meta-analysis to date of spontaneous neural activity in PTSD cases, and the first attempt, to our knowledge, to validate the meta-analytic outcomes using a large, inde- interpretations for this finding based on the cognitive and affective processes previously linked to this region.
The IPL, generally defined as the area ventral to the intraparietal sulcus and anterior to the postcentral gyrus, contains direct anatomical connections with most frontal and temporal lobe regions (Schmahmann et al., 2007) . Functionally, activity in the left IPL has been previously linked to several distinct cognitive processes theorized to function maladaptively in PTSD cases (Cabeza, Ciaramelli, & Moscovitch, 2012) .
First, activity in the left IPL has been positively correlated with the processing of fearful faces in healthy volunteers (Radua et al., 2010) . It is plausible that greater left IPL activity at rest may reflect a predisposition to judge stimuli as fear-related, even when the only stimuli present are internal (e.g., spontaneous thoughts and memories). This could potentially serve as a mechanism underlying the negative beliefs and hyperarousal symptoms that are characteristic of PTSD, although further research is necessary to determine whether left IPL activity may be the cause of or by-product from such maladaptive processes.
Second, the left IPL plays a role in the retrieval of episodic memories (Wagner, Shannon, Kahn, & Buckner, 2005) , with increased activity corresponding to increased relevance of the retrieved memory (Cabeza, Ciaramelli, Olson, & Moscovitch, 2008) . As such, it has been proposed that IPL processing is prominent when autobiographical memories are salient, and therefore more likely to capture attention via bottom-up processes (Cabeza et al., 2012) . This mechanism, wherein specific memories are judged to be more salient and thus deserving of attention, is likely central to the experience of PTSD symptoms such as intrusive memories and flashbacks, which are characterized by their ability to reorient attention toward trauma-related memories. In addition, the left IPL has been singled out for its role in integrating multimodal aspects of the memory (e.g., sensory, conceptual, and emotional; Vilberg & Rugg, 2008 , suggesting that it plays a unique role in binding the objective recollection of the trauma (such as the sequence of events)
with the subjective recollection of the trauma (such as the fear or horror experienced in response).
Finally, another cognitive process linked to the IPL is based upon the area's extensive network of mirror-neurons (Rizzolatti & Craighero, 2004) . Mirror-neurons are a class of visuomotor neurons observed in both humans and non-human primates that discharge both when an action is undertaken and also when a similar action is observed to have been undertaken by another individual (di Pellegrino, Fadiga, Fogassi, Gallese, & Rizzolatti, 1992; Rizzolatti & Craighero, 2004) . As first identified in monkeys, mirror-neurons in regions analogous to the human IPL are prominently involved in action understanding, defined as the ability to "achieve the internal description of an action and to use it to organize appropriate future behavior" ).
Critically, these particular mirror-neurons appear to process actions based on partial, non-visual information (Kohler et al., 2002; Umilta et al., 2001) . As a result, it is plausible that increased spontaneous neural activity in the left IPL may be associated with increased sensitivity to environmental stimuli given imperfect information, such as hearing trauma-related sounds and triggering mirror-neurons as if the action was happening to the individual. Furthermore, greater activity in areas densely populated with mirror-neurons, such as the left IPL, may potentially be a mechanism by which social factors (e.g., social support) mediate risk and resilience for PTSD (Holeva, Tarrier, & Wells, 2001; Nietlisbach & Maercker, 2009; Polusny et al., 2011) .
The purpose of the secondary analysis, which compared ReHo and ALFF in the five ROIs to each of the four PTSD symptom groupings (re-experiencing, avoidance, dysphoria, and hyperarousal), was to narrow the focus on specific PTSD-relevant processes that might be attributable to these regions. However, there were no significant results in the secondary regression model, suggesting that spontaneous neural activity in these areas is likely not specific to any individual symptom grouping. Instead, the present results seem to suggest that spontaneous neural activity, as measured by ReHo and ALFF, maps more efficiently onto generalized trauma-related internalization. Considering that internalizing symptomatology has been shown in the present sample to be strongly associated with functional outcomes (Disner The present ALE results differ from previously published PTSD resting-state meta-analyses (e.g., Koch et al., 2016; Wang et al., 2016) , although these differences are likely attributable to the substantially increased power afforded by having more studies and participants included. Indeed, most of the ROIs identified in previous meta-analyses that did not withstand multiple correction in the current ALE (e.g., ventral anterior cingulate, posterior insula, fusiform gyrus, cerebellum) did show up as significant clusters when using a more lenient correction standard (p < .001, minimum cluster size 100 mm 3 ). Considering that the more conservative cluster-level FWE correction employed in the present analysis was recommended following massive empirical simulation (Eickhoff et al., 2016) , we are confident that the presently reported ROIs reflect the most reliable meta-analytic outcomes available based on the current literature.
Importantly, the lack of significant association between PTSD symptoms and activity in the most commonly identified neural targets (e.g., amygdala, insula, anterior cingulate cortex, dorsolateral prefrontal cortex) does not necessarily refute the critical role that those regions play in the etiology of PTSD. The ROIs spanning the amygdala, putamen, caudate, and anterior cingulate were identified in the ALE metaanalysis, and might have been validated had our independent sample included any never-traumatized individuals. In addition, there are several putatively maladaptive processes involved with PTSD, including hyper-responsivity to trauma-related cues and impaired top-down regulation of emotional states, that are shown to involve regions not present in the current meta-analysis (Garfinkel & Liberzon, 2009 vester et al., 2012) . Future studies which model the relationship between spontaneous neural activity at rest and task-based activity during various trauma-related manipulations will be necessary to more fully understand the network dynamics contributing to PTSD symptomatology.
There are several noteworthy limitations to the present study.
Most pertinently, the independent validation sample was composed of individuals exposed to combat trauma, and is not ideally suited for validating the involvement of ROIs identified using NTC comparison groups. As such, the clusters identified using the NTC ALE (left amygdala and right caudate head) would merit future consideration for validation studies with PTSD and NTC samples. Furthermore, there was significant heterogeneity in the types of trauma that PTSD cases in the ALE meta-analysis were exposed to. The neural impact of combat exposure likely differs considerably from the neural impact of sexual assault, by way of example, and future research able to tease apart these trauma-specific effects would be hugely relevant. Similarly, the validation sample is made up of overwhelmingly male participants.
However, a robust literature suggests that the epidemiology and biology of PTSD may be different in women compared to men (Tolin & Foa, 2006) . At this time, there are not enough studies reporting contrasts between different trauma types and/or separating male and female participants to power trauma-specific or sex-specific restingstate meta-analyses. Therefore caution should be used when attempting to generalize the current results to female PTSD cases and/or cases of PTSD not involving combat exposure. Finally, as with any metaanalysis, the participant-selection criteria for the included studies varied significantly, and there was significant heterogeneity in the degree to which analyses from included studies controlled for various demographic factors (e.g., ethnicity, comorbidity, time since trauma). As a result, we cannot confirm that the ALE meta-analysis results are not, at least in part, driven by factors besides the presence of PTSD symptoms. Large-scale future analyses, including mega-analyses conducted by groups such as the Psychiatric Genomics Consortium-PTSD working group (Logue et al., 2015) , will be necessary to better characterize the impact of these potentially confounding variables. 
| CON CL U S I ON
